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Abstract 9 
In this paper, firstly the quasi-static bending performance of chemically strengthened alumina 10 
silicate glass plates is investigated for different glass thicknesses: 2.2, 4.0 and 6.0 mm. The 11 
flexural strength is measured using coaxial double ring experiments. The 3D Digital Image 12 
Correlation (DIC) technique is employed to measure the strain at failure. The failure probability 13 
is then assessed using the Weibull statistical distribution.  14 
Secondly, the performance of the laminated glass windows made of these chemically 15 
strengthened glass plates is evaluated quasi-statically under concentrated and distributed 16 
loadings. The effects of polymer interlayer thickness, glass and polymer type and multi-17 
layering the polymer interlayer on the structural performance are investigated. The type and 18 
thickness of the polymer interlayer, as well as the type of loading are found to influence the 19 
fracture sequence in the glass plates and consequently the post fracture safety of the structure. 20 
The response of laminated glass specimens is then assessed under low velocity soft impacts, 21 
for velocities up to 3.3 m s-1, using a drop tower facility. Laminated glass with a polyvinyl 22 
butyral (PVB) interlayer shows the greatest improvement in terms of peak force and absorbed 23 
energy.  24 
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1- Introduction  28 
The development of chemically strengthened glass has created great opportunities for 29 
designing thin, strong and lightweight transparent structures. Nowadays, chemically 30 
strengthened glasses have found their way into the market in many different applications 31 
including aircraft cockpit windshields, photocopier scanner glass, display windows in cell 32 
phones (Varshneya, 2010), high-speed train windshields, glass substrates for hard-disk drive 33 
fabrication and glass items for drug delivery (Gy, 2008), with more potential applications still 34 
yet to come.  35 
Chemically strengthening is based on the concept of ion exchange for which small cations, 36 
initially present in the glass, are replaced by larger cations from a molten salt (Hale, 1968). 37 
This creates a compressive layer with the depth of few micrometres. An effective ion-exchange 38 
process was first introduced by Kistler ( 1962) by replacing Na+ in the surface of the glass with 39 
larger K+ ions. They achieved compressive stresses up to 855 MPa for soda-lime glass. 40 
Chemically strengthening is found to be most effective for lithium and/or sodium 41 
aluminosilicate glasses, producing surface compressive stresses up to 1 GPa (Varshneya, 42 
2010). This technique has several advantages over other strengthening methods such as thermal 43 
strengthening. It can create relatively high compressive surface stresses without any optical 44 
distortion (Varshneya, 2010) and can be applied to very thin glasses and complex geometries 45 
(Varshneya, 2010). The main disadvantage of the technique is the high cost of the process 46 
which limits its application to high-end products (Gy, 2008).  47 
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The high strength of chemically strengthened glasses makes it possible to have thinner glass 48 
plates and consequently lighter transparent structures. However, this creates a new challenge 49 
for characterising these thin and strong materials (Connolly et al., 1989; Gulati et al., 2002; 50 
Kao et al., 1971; Vepakomma et al., 2013; Wilcox et al., 2013). Large deflections and 51 
consequently the development of membrane stresses in thin plates means that conventional 52 
analysis methods (ASTM C 1499-03, 2015; British Standard, 2000), which are based on linear 53 
bending theory, lose their validity. Different approaches including more advanced analytical 54 
(Inoue et al., 1991; Kao et al., 1971), finite element (Connolly et al., 1989; Vepakomma et al., 55 
2013) and experimental methods (Vepakomma et al., 2013) have been employed to solve this 56 
problem. By considering the effect of membrane stresses in their analysis, Kao et al. (1971) 57 
derived a non-linear analytical model. An analytical approach was also used by Inoue et al. 58 
(1991). Good agreement was observed between the model predictions and experimental results 59 
in both studies. Connolly et al ( 1989) used the finite element method and extracted the strength 60 
of chemically strengthened and non-strengthened glass disks by comparing numerical and 61 
experimental results. Vepakomma et al. (2013) investigated the flexural bending strength of a 62 
LCD panel using ring-on-ring experiments. Finite element analysis in combination with strain 63 
measurements, using strain gauges, was employed to capture the non-linear behaviour of thin 64 
glass plates.  65 
A more direct experimental approach of measuring the failure strain has not been reported in 66 
the existing literature due to difficulties with strain gauge measurements. Since, for measuring 67 
failure strains using strain gauges, the location and the direction of the maximum strain need 68 
be known in advance and the gauge should be placed exactly at that location. This is especially 69 
more difficult for thin glasses as failure may occur somewhere away from the centre of the 70 
specimen. Also, due to the probabilistic nature of glass failure, a large number of experiments 71 
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are needed for strength characterisation of these glass plates. This makes using strain gauges 72 
even more difficult with respect to the time and costs involved.  73 
Wherever safety is a concern, glass plates are used in the form of a laminate. Laminated glass 74 
normally consists of two layers of glass plates and one layer of polymer, which is sandwiched 75 
between the two glass plates. The polymer interlayer maintains the structural integrity of the 76 
component after breakage of the glass plates and protects the surroundings from the flying 77 
fragments. Apart from the safety aspect, laminated glass has also other structural as well as 78 
non-structural advantages compared to monolithic glass including better impact resistance, 79 
sound attenuation and ultraviolet radiation absorption (Behr et al., 1993). Laminated glass is 80 
used in many engineering applications including automobile and aircraft windshields, 81 
architectural and security glazing. Various polymers are used in industry including polyvinyl 82 
butyral (PVB), thermoplastic polyurethane (TPU), ethylene-vinyl acetate (EVA) and ionoplast 83 
SentryGlas®Plus (SGP). Amongst all interlayers, SGP has been found to have a superior 84 
structural performance at room temperature (Bennison et al., 2008, 2001). As a result, the use 85 
of this polymer interlayer is increasing particularly for architectural applications. 86 
The structural performance of a laminated glass is significantly influenced by loading duration 87 
and testing temperature, because of their effect on the viscoelasticity of the polymer interlayer 88 
(Behr et al., 1986; Hooper, 1973; Walley et al., 2004). Depending on the shear stiffness of the 89 
polymer interlayer, the laminated glass performance can vary between two limits. The lower 90 
and upper limits correspond to the performance of two independent glass plates and monolithic 91 
glass of equivalent thickness (total thickness of glass and polymer layers) respectively.  92 
The sequence of failure, post-glass breakage behaviour and structural integrity of laminated 93 
glass windows are other important aspects of their structural performance, particularly in terms 94 
of safety. Bennison et al. (1999) investigated in detail the sequence of failure in glass plates for 95 
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a laminated glass with a PVB interlayer. Bennison et al. (1999) found that the location of the 96 
maximum stress, and consequently the sequence of failure in the glass plates, can change 97 
depending on the test temperature and loading rate. Belis et al. (2009) studied the failure 98 
mechanisms and post-glass breakage of laminated glass with a SGP interlayer. The post-failure 99 
safety was found to be poor, despite the superior mechanical properties of the SGP (Belis et 100 
al., 2009). Overend et al. (2014) studied the post-fracture behaviour of laminated hybrid-glass 101 
units consisting of three layers of glass and two layers of polymer. PVB and SGP were used 102 
for the polymer interlayer. Contrary to the results of Belis et al. (2009), Overend et al. (2014) 103 
observed the largest post-fracture stiffness for laminated glass with a SGP interlayer.  104 
Laminated glass can be exposed to low velocity impacts by hard as well as soft projectiles. The 105 
term “hard impact” refers to an impact in which the deformation of the projectile is negligible 106 
compare to that of the target. In contrast, when the projectile undergoes extensive deformation 107 
during its interaction with the target, the impact is called “soft impact”. The impact can also be 108 
categorised according to its velocity range into “low” and “high” velocity. According to 109 
Backman and Goldsmith (1978), the term “low velocity” refers to impacts with velocities less 110 
than 25 m s-1. The impact by large windborne objects on architectural glass windows or 111 
pedestrian head impact to car windshield can be classified in this category. The term “high 112 
velocity” is referred to impacts with velocities greater than 25 m s-1 and can be further 113 
subdivided into three velocity ranges: sub-ordnance velocities (25-500 m s-1), ordnance 114 
velocities (500-1300 m s-1) and ultra-ordnance velocities (1300-3000 m s-1) (Backman and 115 
Goldsmith, 1978). 116 
Despite detailed studies on the performance of laminated glass against hard impactors (Behr et 117 
al., 1999; Flocker and Dharani, 1998; Grant et al., 1998; Ji and Dharani, 1998; Kaiser et al., 118 
2000; Saxe et al., 2002), far less attention has been paid towards soft impact response of these 119 
structures. Dharani and Yu (2004) and Zhang et al. (2013) investigated the impact response of 120 
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laminated glass against impact by large soft projectiles such as collapsed trees or ceiling wood 121 
flying during hurricanes. Dharani and Yu (2004) suggested that that for a large and soft 122 
projectile, bending stresses at the opposite surface to the impact are responsible for the failure. 123 
This is in contrast to a hard impact where the failure is initiated by Hertzian contact stresses. 124 
The failure mode is also influenced by the nose shape of the impactor. Two nose shapes: hemi-125 
spherical and blunt were considered (Dharani and Yu, 2004). Whilst for a soft hemi-spherical 126 
impactor, failure occurs at the back side of the outer glass plate, for a soft blunt impactor, the 127 
failure is initiated at the back side of the inner layer. Zhang et al. (2013) argued that the 128 
thickness of the polymer interlayer plays a dominating role in the penetration resistance of 129 
laminated glass windows against windborne wooden block impact. Shetty et al. (2012) 130 
numerically investigated the impact response of laminated glass windows for both soft and 131 
hard impacts. They concluded that in both cases, the thinner outer glass plate results in a better 132 
pre-failure stress pattern than a thicker glass plate. A thicker polymer interlayer also generally 133 
lowers the stresses in the critical areas. Pacios et al. (2011) investigated the soft impact response 134 
of monolithic as well as laminated glasses using a 50 kg twin-tyre pendulum at a speed up to 135 
4.85 ms-1. The effect of glass type and thickness, boundary conditions, and dimensions of the 136 
glass plates were studied. The height of impact had been gradually increased until the specimen 137 
broke. It was found that the loading, e.g. the shape of strain and acceleration traces, is 138 
significantly influenced by the boundary condition (e.g. four pin supported compared to two 139 
sides supported). Increasing the height of the drop of the impactor, however, only increases the 140 
level of strain and force without any change in the shape of the trace for a specific boundary 141 
condition. 142 
Pedestrian head impact on a car windshield can also be categorised as a low velocity soft 143 
impact. Normally, laminated glass are tested against a headform consisting of a hollow 144 
aluminum sphere with a rubber (Pyttel et al., 2011) or PVC skin (Untaroiu et al., 2007). Zhao 145 
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et al. (2006) numerically studied the response of laminated glass against pedestrian head 146 
impact. They argued that the thickness of the inner glass layer (non-impacted side) is an 147 
important design parameter determining the impact resistance of the structure. On the other 148 
hand, the thickness of the outer glass layer (impacted side) and PVB interlayer has no 149 
significant effect on the impact resistance. 150 
In this paper, the focus will be on the quasi-static bending as well as low velocity impact 151 
performance of monolithic and laminated glass plates made of chemically strengthened glass. 152 
These less well studied aeronautical materials are normally used for manufacturing aircraft 153 
windshields and have superior structural and impact resistance properties. In this study, we use 154 
3D digital image correlation technique to experimentally measure the failure strain of the 155 
specimen as well as monitoring the full-field displacement and strain development throughout 156 
the deformation. Through a systematic study, the influence of various design parameters 157 
including the glass and polymer type, the polymer interlayer thickness and multi-layering the 158 
interlayer is investigated on the stiffness, strength and sequence of failure of the laminated 159 
glass structure. The effect of type of loading on quasi-static bending is also investigated by 160 
applying concentrated as well as distributed loading. The performance of various constructions 161 
of laminated glass are then assessed under low velocity soft impact. Finite element simulation 162 
is used to gain further understanding on the impact performance of laminated glass with three 163 
different polymer interlayers. The numerical results are shown to be in very good agreement 164 
with the experimental results.  165 
 166 
2- Materials 167 
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The chemically strengthened glass plates used in this study were manufactured using alumina 168 
silicate float glass. The glass, which was initially edge smoothed, was soaked in potassium salt 169 
solution for ion exchange at 420˚C for 5 hours at the Beijing Institute of Aeronautical Materials 170 
(BIAM). This resulted in the formation of compressive layers with a depth of 38 µm and 171 
strength of 738 MPa on the glass surfaces. The residual stresses were measured in BIAM by 172 
the optical birefringence technique, using Orihara surface stress meter model FSM-6000LE. 173 
Only the strength and depth of compressive layer were measured (i.e. the distribution of 174 
through-thickness residual stress was not measured). In this paper, all glass plates have the 175 
same ion-exchange time and consequently the same compressive layer on their surfaces. The 176 
effect of various values of residual stress on the fracture of chemically strengthened glass plates 177 
was investigated in a separate paper (Jiang et al., 2017).   178 
The monolithic glass plates were manufactured with the dimensions of 100×100 mm in three 179 
thicknesses: 2.2, 4.0 and 6.0 mm. The glass plate size is selected based on the recommendation 180 
by the British standard (British Standard, 2000). Similar glass plates (but only for the 2.2 and 181 
4.0 mm thick glass plates) were used for manufacturing the laminated glass specimens. The tin 182 
side of the glass plate was cleaned and used for lamination. Three types of polymer interlayers 183 
were employed: Thermoplastic Polyurethane (TPU) -KRYSTALFEX®PE499 (from 184 
Huntsman), Polyvinyl Butyral (PVB)-Butacite® (from DuPont) and Ionoplast interlayer-185 
SentryGlas® Plus (SGP) (from DuPont). The lamination was conducted using an autoclave at 186 
BIAM. Lamination was performed within the shelf-life time of the polymer interlayers which 187 
were stored in dry and cool conditions. In total, seven different laminated glass configurations 188 
were manufactured. The details of each configuration are listed in Table 1. Due to a limitation 189 
on the conventional polymer interlayer thickness available in the market, in some cases two 190 
layers of polymer were used to achieve the required interlayer thickness (Table 1).  191 
 192 
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3- Glass characterisation  193 
In order to measure the strength of chemically strengthened glass, a coaxial double ring test 194 
(ring-on-ring) was employed. This flexural test has been found to give the most accurate 195 
measure of the strength amongst various biaxial testing methods (Ritter et al., 1980). The 196 
method is also preferred as it does not put large tensile stresses on the machined edges of the 197 
test specimens (Gy, 2008). 198 
 199 
3-1 Methodology 200 
For monolithic glass plate specimens, the tests were performed according to BS EN1288-201 
5:2000 (British Standard, 2000). The square specimens with dimension of 100 × 100 mm were 202 
tested at a constant loading rate of 10 N s-1. For monitoring the displacement and strain 203 
development in the bottom side of the specimen, 3D Digital Image Correlation (DIC) was 204 
employed. For this purpose, the conventional rig proposed by the British standard (British 205 
Standard, 2000) was modified. The schematic and photograph of the designed rig is shown in 206 
Figure 1. To observe the bottom surface of the specimen, a flat and front-silvered mirror (from 207 
Edmund Optic Ltd) was employed. The mirror was located below the specimen (Figure 1) with 208 
a 45° orientation with respect to the surface of the specimen. A transparent protective shield 209 
confined the specimen and rig to prevent glass fragments from flying off after fracture.  210 
A 3D DIC set-up is shown in Figures 1b and 1c. A pair of images were recorded with time 211 
intervals of 2 s by two cameras (ARAMIS 5M). The cameras were separated by 540 mm and 212 
were located with a working distance of 695 mm from the specimen (Figure 1c). It is to be 213 
noted that the working distance here is the summation of the distance between the cameras and 214 
mirror and that from the mirror to the surface of the specimen (Figure 1c). This results in an 215 
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angle of 25° between the two cameras which is the best recommended angle for stereo-vison 216 
measurement (Schreier et al., 2009). The cameras had lenses with a fixed focal length of 50 217 
mm and captured images with the resolution of 2448 × 2050 pixels. To illuminate the back 218 
surface of the specimen, two LED light sources were used. These sources were located inside 219 
the transparent shield and illuminated the specimen from both sides. This was to prevent 220 
reflections from the protective shield.   221 
To calculate the deformation using DIC, first a random speckle pattern was applied onto the 222 
surface of the specimen. The speckles were generated by spraying black paint onto a white 223 
painted surface, to generate the maximum contrast. An acrylic paint was used as it has enough 224 
ductility to stay adhered onto surface up to the point of glass fracture without any damage. The 225 
images were then processed using Aramis software and full-field deformation and strain 226 
contours were generated.  227 
To validate the DIC results, a series of experiments was conducted using both the strain gauge 228 
and DIC methods. A FLA-2-8 strain gauge (from Techni Measure Ltd) was employed for this 229 
purpose. The strain gauge was adhered onto the surface of the glass prior to painting. The top 230 
surface of the gauge was painted and speckled and, therefore, its deformation could be 231 
monitored using DIC. Data acquisition was conducted using CompactDAQ (a portable data 232 
acquisition platform from National Instruments Ltd).  233 
The loading fixture employed is shown in Figure 2. For concentrated loading (ring-on-ring), 234 
the dimensions of the rings are shown in Figure 2a. The supporting and loading rings have a 235 
diameter of 18 and 90 mm respectively. Both rings have a radius of curvature of 2.5 mm and 236 
were manufactured from stainless steel. To prevent stress concentrations developing and 237 
consequently premature failure of the specimen (British Standard, 2000), rubber gaskets with 238 
a thickness of 3 mm and a Shore Hardness A of 60 were placed between the specimen and the 239 
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supporting ring. A thin layer of silicon tape was adhered on the top surface (i.e. the compressive 240 
side) of the specimen for retaining the fragments. As recommended by the British Standard 241 
(British Standard, 2000), a thin layer of paper was also placed between the loading ring and 242 
top surface of the glass. The displacement was recorded from the Instron cross head 243 
displacement and the force from the load cell connected to the upper ring, at a rate synchronised 244 
with the camera recording.  245 
It should be noted that large deflections for the thinner glass can be reduced if a glass with 246 
smaller dimensions is used. This, however, requires using loading and supporting rings with 247 
smaller diameter which itself causes reduction in the size of the testing area at the centre of the 248 
plate. If the testing area becomes too small, the distribution of the surface flaws in the testing 249 
area might not be representative of that in the in-service glass panels. The bending strength is 250 
found to increase with decreasing the size of the testing area (Kondo et al., 2014). A method 251 
of considering the “size effect” in the strength measurements for ring-on-ring experiment is 252 
discussed by Jain et al. (2009).  253 
 254 
3-2 Results  255 
The strain development at the centre of the plate is compared for the three glass thicknesses in 256 
Figure 3. The plot includes both DIC and strain gauge measurements. Good agreement exists 257 
between the two methods which confirms the validity of the DIC measurements. Since the 258 
experiments were performed at a constant loading rate (10 N s-1), the time taken for a 2.2 mm 259 
glass to fracture is shorter than for the 4.0 and 6.0 mm glass plates (as a result of the lower 260 
failure load). However, the level of failure strain is similar for all three thicknesses (Figure 3). 261 
The out-of-plane displacement and major principal strain are plotted in Figure 4. The time to 262 
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fracture in Figure 3 (i.e. 450 s for 2.2 mm, 948 s for 4.0 mm and 2070 s for 6.0 mm thick glass 263 
plates) is divided into seven equal intervals for which the contours are plotted. The out-of-plane 264 
displacement is largest for the thinnest glass, i.e. 2.2 mm, (Figure 4a). This large displacement 265 
affects the strain development in 2.2 mm thick glass plates in the later stages of deformation, 266 
when the strain starts localising in the glass under the loading ring (Figure 4b). For the thicker 267 
glass plates, for which the maximum out-of-plane displacement is smaller (Figure 4a), the 268 
strain distribution is uniform at the centre of the plate. This can be more clearly seen in Figure 269 
5 where the out-of-plane displacement and major strain profiles are plotted for a 2.2 mm thick 270 
glass plate. Each profile in Figure 5b corresponds to a load highlighted in Figure 5a. The strain 271 
localisation under the loading ring is apparent for loads greater than 2.3 kN. By this time, the 272 
centre of the plate is displaced by about 2.5 mm* (Figure 5b) from its original position which 273 
exceeds the limitation of the linear bending theory. Deflections larger than one-quarter of the 274 
plate thickness according to (ASTM C 1499-03, 2015) and half of the plate thickness according 275 
to (Kao et al., 1971) can cause the development of membrane stresses in the specimen for which 276 
large deformation theory then needs to be considered.  277 
The force against cross head displacement is plotted for the three glass thicknesses in Figure 6. 278 
For these experiments, the rubber spacer was removed. The compliance of the setup was 279 
measured by performing a compression test on a thick metal plate. This compliance was then 280 
subtracted from the measured cross head displacement during the coaxial double ring 281 
experiments. All the other test configurations are the same as that described in Section 3-1. The 282 
experimental results are compared in Figure 6 with the force versus displacement relationships 283 
                                                          
* Note that the cross head displacement in Figure 5a represents the displacement of the loading ring, measured 
from the point in the glass 9 mm away from the centre (Figure 2a). Therefore, its displacement values are different 
from that of the centre of the plate, especially for larger plate deflections.   
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calculated using linear bending theory according to the following equation (ASTM C 1499-03, 284 
2015; Vitman et al., 1963): 285 
𝐹 =
8𝜋𝐸ℎ3𝛿
3𝐷𝐿
2(1−𝜐2)
{
𝐷𝑆
2
𝐷𝐿
2 [1 +
(1−𝜐)(𝐷𝑆
2−𝐷𝐿
2)
2(1+𝜐)𝐷2
] − (1 + ln⁡(
𝐷𝑆
𝐷𝐿
))}
−1
. (1) 
In the above equation F, 𝛿, DS and DL are the force, displacement, supporting and loading ring 286 
diameters respectively. The terms E, 𝜐 and h are the Young’s modulus, Poisson’s ratio and the 287 
thickness of the plate, respectively. For a square test specimen D is calculated by: 288 
𝐷 = (0.90961 + 0.12652
ℎ
𝐷𝑆
+ 0.00168 ln(
𝑙−𝐷𝑆
ℎ
))
−1
,⁡. (2) 
where l is the length of the test specimen (i.e. 100 mm). In Equation 1, E = 72 GPa and 𝜐 = 289 
0.25 are considered (Li et al., 2014) to be appropriate values for chemically strengthened glass 290 
plates. As can be seen in Figure 6a, the experimental results start to deviate from a linear trend 291 
at a cross head displacement of approximately 1 mm. The linear bending theory under predicts 292 
the force for displacements greater than 1 mm. This deviation also occurs for 4.0 mm thick 293 
glass but at a larger displacement (ca. 1.5 mm). For a 6.0 mm thick glass plate, the experimental 294 
results completely agree with those predicted by using Equation 1. Now, as a result of the large 295 
deformation, linear bending theory (ASTM C 1499-03, 2015) cannot be employed for 296 
calculating the failure strength of thin and strong glasses, e.g. the 2.2 mm, and to some extent 297 
the 4.0 mm, thick chemically strengthened glass used in the present work. Hence, in this paper, 298 
an experimentally-based approach is employed instead, and the strain is measured directly from 299 
the back surface of the specimen using DIC.  300 
Due to the existence of defects and flaws on glass surfaces, glass strength measurements 301 
involve a relatively large degree of scatter. In order to determine the probability of failure, a 302 
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two-parameter Weibull function is used in this paper. The Weibull distribution function can be 303 
expressed as: 304 
𝑃𝑓 = 1 − 𝑒𝑥𝑝 [−(
𝜀
𝜀0
)
𝑚
], (3) 
where Pf is the cumulative probability of failure at strain 𝜀 , 𝜀0⁡is a normalising factor and m is 305 
the Weibull factor/modulus. Rearranging Equation 3 in a linear form results in: 306 
ln(−ln(1 − 𝑃𝑓)) = 𝑚ln 𝜀 − 𝑚ln 𝜀0 . (4) 
The Weibull probability of failure ln(−ln(1 − 𝑃𝑓)) is plotted against failure strain (𝜀𝑓) for 307 
three glass thicknesses in Figure 7. The curves are fitted using a non-linear least-squares 308 
method through at least twelve repeat tests. The fitting parameters are listed in Table 2. It can 309 
be seen that the failure strain is not strongly affected by the glass thickness (e.g. considering 310 
90% probability of failure, the failure strain is 0.81% for 2.2 mm, 0.85% for 4.0 mm and 0.86% 311 
for 6.0 mm thick glass plates). This is expected as the chemically strengthening method is a 312 
relatively thickness independent process. Note that if the linear bending theory (ASTM C 1499-313 
03, 2015; British Standard, 2000) is used, it will result in significantly larger failure strain 314 
values especially for the 2.2 mm thick glass specimens.  315 
 316 
4- Polymer characterisation 317 
In this section, polymer interlayer materials used for lamination are characterised using 318 
Dynamic Mechanical Analysis (DMA) and uniaxial tensile tests spanning six orders of 319 
magnitude. The polymer interlayers were stored in dry and cool conditions and were tested 320 
within the shelf-life time of the polymers. The thermal and environmental degradation of the 321 
polymer interlayers, used in laminated glass windows, were subject of recent studies 322 
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(Andreozzi et al., 2015; Kothe and Weller, 2014; Weller and Kothe, 2011). Andreozzi et al., 323 
(2015) reported no significant influence on the mechanical properties of PVB with thermal 324 
cycles between 10° C and 50° C. In this paper, mechanical properties of the three tested polymer 325 
interlayers as well as those in laminated glass form are considered to be the same as that for 326 
the “as-received” material.  327 
 328 
4-1 Dynamic mechanical analysis 329 
To investigate the viscoelasticity and temperature dependency of the polymer interlayers, 330 
Dynamic Mechanical Analysis (DMA) was performed. The tests were conducted in tension 331 
mode using a TA Instruments Q800 DMA machine at the frequency of 1 Hz with 0.01 N 332 
preload and oscillation amplitude of 15 µm. The preload was to prevent the buckling of 333 
specimen under the oscillatory load. Strain sweep tests were performed and confirmed that all 334 
the materials remained in their viscoelastic range for the chosen amplitude. The specimens had 335 
a rectangular geometry with the width of 6.17 mm. The thickness of the specimens was 0.76 336 
mm for PVB, 1.27 mm for TPU and 1.52 mm for SGP. The free length of each specimen was 337 
measured individually after fixing the specimen in the clamp. For temperature sweep tests, the 338 
specimens were left at -100°C for 10 mins, to achieve thermal equilibrium through the specimen 339 
thickness, before heating up to 80°C with a heating rate of 2°C min-1.  340 
When a viscoelastic material, e.g. a polymer, is subjected to an oscillating load, there will be a 341 
phase difference between the applied stress and the measured strain. This is because of the 342 
viscous component in the material response. As a result, the modulus of the material is a 343 
complex number:  344 
𝐸 = 𝐸′ + 𝑖𝐸′′. (5) 
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where E’ is the storage modulus, E’’ is the loss modulus. The ratio of the storage over the loss 345 
modulus (E’/E’’) is defined as tangent of the phase angle (Tan 𝛿). The results for the storage 346 
modulus, E’, loss modulus, E’’ and tangent of the phase angle (Tan 𝛿) are shown in Figure 8a-347 
c. At low temperatures (T< -70°C), all polymer interlayers have a similar stiffness and are in 348 
their glassy state. For TPU, the transition from a glassy to rubbery state starts at the lowest 349 
temperature. This results in a significant softening in the material stiffness for temperatures 350 
above -70°C (Figure 8a). For the PVB and SGP polymer interlayers, the transition to the 351 
rubbery state initiates around -10 and 40 °C, respectively (Figure 8a). This transition is also 352 
apparent in Figures 8b and c. In the present research, the maximum in the value of Tan 𝛿 is 353 
considered to define the glass transition temperature (Tg) and is -32
°C for the TPU, 27°C for 354 
the PVB and 54°C for the SGP (Figure 8c). The difference in Tg between the three polymers 355 
results in a significant difference in their stiffness at room temperature (i.e. the storage modulus 356 
of SGP is nearly two orders of magnitude greater than that of TPU, Figure 8a).  357 
One major problem with the DMA technique is the limitation of frequencies and consequently 358 
strain rates that can practically be applied to the specimen. This, however, can be overcome by 359 
using the time-temperature superposition principle which suggests an equivalence between 360 
time (i.e. strain rate) and temperature on the material response. By testing a material over a 361 
limited range of frequencies, but at different temperatures, the material response can be 362 
reconstructed for a single temperature but over a wider range of frequencies. The storage 363 
modulus of the three polymer interlayers, over a frequency range spanning ten orders of 364 
magnitude, is shown in Figure 8d. The method of generating these master curves for the three 365 
polymer interlayers (i.e. TPU, PVB and SGP) is discussed in detail in (Mohagheghian et al., 366 
2017).  367 
 368 
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4-2 Tensile tests  369 
To investigate the effect of strain rates on the large strain behaviour, uniaxial tensile tests were 370 
conducted at strain rates spanning six orders of magnitude (2.38×10-3 to 2.38×10+2 s-1). The 371 
tests at low strain rates were conducted using an Instron screw driven test machine (Instron 372 
5800 series) whilst the high rate tests were performed using a high-speed servo-hydraulic test 373 
machine (Instron VHS 8800). Dog-bone shaped tensile specimen were cut from the polymer 374 
sheets according to the ASTM standard D412-15a (D412-15a, 2015). The specimens had a 375 
gauge length of 32 mm and width 6.17 mm. The thickness of the specimens varied between the 376 
different polymers. In order to measure the local deformation inside the gauge length, the strain 377 
was measured using a video extensometer (Imetrum). The relative position of two lines marked 378 
in the gauge area of the tensile sample was monitored during the deformation of the sample. 379 
To prevent any influence from the initial inertia effects, and to have a constant nominal strain 380 
rate during the deformation, a lost motion device, similar to that described in (Hooper et al., 381 
2012), was used. An example of the high rate tensile tests is shown in Figure 9. The tensile 382 
results for the three polymer interlayers are shown in Figure 10. Similar to the DMA results, 383 
the SGP polymer interlayer has superior mechanical properties (i.e. a higher stiffness and 384 
strength) compared to the other two polymers. At low strain rates of 2.38×10-3 s-1 the stiffness 385 
of TPU is slightly higher than PVB. However, this quickly changes as the strain rate increases. 386 
The glass transition temperature of PVB, with a Tg = 27
°C, is very close to room temperature. 387 
As a result, the mechanical behaviour of PVB is very sensitive to any changes in the strain rate. 388 
Not such a strong strain rate sensitivity is observed for the TPU and SGP polymer interlayers 389 
at room temperature. Whilst the stiffness of PVB at low strain rates (e.g. 2.38×10-3 s-1) is similar 390 
to that of TPU, at high strain rates (e.g. 2.38×10+2 s-1) its stiffness is more comparable to the 391 
stiffness of SGP.  392 
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 393 
5- Laminated glass 394 
In this section, the flexural bending strength of laminated glass, manufactured from the same 395 
glass plates characterised in the previous section † , is assessed using coaxial double ring 396 
experiment. The effect of various parameters including polymer interlayer type and thickness, 397 
glass type and multi-layering the polymer interlayer on the structural performance, as well as 398 
the fracture sequence in the glass plates, are investigated. The effect of the type of loading, e.g. 399 
concentrated versus distributed loading, are also discussed.  400 
5-1 Concentrated loading 401 
First, laminated glass plate were tested using the coaxial double ring test set up shown in Figure 402 
2a. Owing to the strain rate sensitivity of the polymer interlayers, the experiments were 403 
conducted at a constant cross head speed of 0.5 mm min-1 (instead of a constant loading rate as 404 
used for the experiments in Section 3). In all the experiments, a thin glass plate (2.2 mm thick) 405 
was positioned in contact with the loading ring. No rubber gasket was used between the glass 406 
and the supporting ring. As in Section 3-1, 3D DIC was used to monitor the deformation and 407 
strain development on the surface of the back layer (i.e. of the 4.0 mm thick glass). The results 408 
are shown in Figure 11. Figures 11a and b show the effect of increasing the polymer interlayer 409 
thickness from 0.76 mm (Case 1) to 3.18 mm (Case 3) for a laminated glass with TPU 410 
interlayer. The initial slope of the force-displacement curves is the same for all three cases 411 
(Figure 11a). This indicates that the stiffness of the laminated glass is independent of the 412 
polymer interlayer thickness. The main difference between the three cases is the sequence of 413 
the fracture in the glass plates. For the thinner polymer interlayers (Cases 1 and 2), the fracture 414 
                                                          
† With an exception of Case 4 in Table 1 for which a commercial thermally strengthened glass was employed. 
19 
 
is initiated at the bottom glass plate (which is 4.0 mm thick) followed by fracture at the top 415 
layer (which is 2.2 mm thick). In contrast, for Case 3, the glass fractures in the top layer first. 416 
The sequence of fracture has a significant effect on the failure energy, defined as the external 417 
work needed for the failure of both glass plates. This energy, calculated by the area under the 418 
force displacement curve, is much higher in Case 3 compared to the other cases (Figure 11a). 419 
The major principal strain at the centre of the bottom plate, measured using DIC, is plotted for 420 
these cases (Cases 1-3) in Figure 11b. One notable feature here is that although in Case 3, 421 
where the specimen is fractured initially in the top layer, the strain at the centre of bottom layer 422 
is also very close to the failure strain (ca. 0.84% Table 1). Therefore, it is expected that for this 423 
particular loading speed, the thickness of the polymer interlayer in Case 3 is close to the limit 424 
at which the failure location changes between the two glass plates. By increasing the polymer 425 
layer thickness further the fracture is expected to always initiate from the top glass plate.  426 
The effect of glass plate type is investigated in Figures 11c and d by comparing Cases 3 and 4. 427 
In Case 4, instead of a chemically strengthened, a thermally strengthened glass was used for 428 
the top plate (Table 1). Thermally strengthened glass is cheaper and has a much lower strength 429 
(Gy, 2008). All other parameters are the same for these two configurations. Since the 430 
strengthening method does not change the stiffness of the material, the initial slope of the force-431 
displacement curve is the same (Figure 11c). However, the top plate fractures at a lower cross 432 
head displacement (ca. 1 mm) for Case 4. At this point, the major strain in the bottom glass 433 
plate only reaches 0.3 % (Figure 11d). After breakage of the top glass plate in Case 3, the 434 
response of the two configurations becomes almost the same and the bottom glass plate 435 
fractures approximately at the same cross head displacement (ca. 6 mm) (Figure 11c). The 436 
strain at the bottom glass plate reaches the value of approximately 0.8% for both cases (Figure 437 
11d) before fracture.  438 
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The effect of polymer interlayer type is investigated in Figures 11e and f by comparing the 439 
response of laminated glass with SGP (Case 5) and PVB (Case 6) polymer interlayers with the 440 
reference case (Case 3, which has the TPU polymer interlayer). For all cases, the thickness of 441 
the polymer interlayer is approximately the same (Table 1). The response of Case 6 is very 442 
similar to that of Case 3. Both also have the same fracture sequence. The similarity in the 443 
bending response of the two laminates is due to the similarity in the mechanical properties of 444 
their interlayers at low strain rates (Figure 9). However, due to the strong strain rate sensitivity 445 
of PVB (Figures 8 and 10), it is expected that increasing the cross head speed would cause the 446 
stiffness Case 6 to exceed that of Case 3.  447 
For Case 5 (the laminate with a relative stiff polymer interlayer, i.e. SGP), the slope of the force 448 
displacement curve is greater than that of both Cases 3 and 6. As a result of the higher stiffness 449 
of the interlayer (Figure 10), more shear stress transfer between the two glass plates occurs and 450 
the response becomes more similar to that of the monolithic glass plate of equivalent thickness 451 
(Hooper, 1973). For comparison, the response of a 6 mm thick‡ chemically strengthened glass 452 
is also plotted in Figures 11e and f. It is apparent that the stiffness of Case 5 is slightly lower 453 
than that of the monolithic glass at low rates. In contrast to Cases 3 and 6, fracture initiates in 454 
the bottom glass plate (at the cross head displacement of about 1.8 mm) followed by fracture 455 
in the top glass plate (at the cross head displacement of about 3.2 mm). However, the laminated 456 
glass structure does not completely lose its load carry capacity after the second fracture (second 457 
load drop in Figure 11e). The load remains at the level of 1.3 kN before finally the polymer 458 
interlayer (i.e. SGP) also fractures.  459 
The effect of multi-layering the interlayer with different polymers is investigated in Figures 460 
11g and h. As described in Table 1, a 2.28 mm SGP layer is sandwich between two thin layers 461 
                                                          
‡ The thickness of the plate is slightly smaller than the total thickness of the glass plates in the laminated form 
(6.2 mm). 
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of TPU. The total thickness is nearly the same as for the only TPU (Case 3) or SGP (Case 5) 462 
polymer interlayers. For comparison, the results of Cases 3 and 5 are also included in Figures 463 
11g and h. The initial slope of the force displacement curve in Figure 11g is significantly lower 464 
than Case 5 (only SGP present) and is only slightly greater than Case 3 (only TPU present). 465 
This is due to restriction of stress transfer between the glass plates imposed by two soft TPU 466 
layers on both sides of SGP. The fracture occurs initially in the bottom glass plate at the cross 467 
head displacement of approximately 2.2 mm. This is followed by fracture in the top glass plate 468 
at a cross head displacement of 2.9 mm. Similar to Case 5, the laminated glass structure retains 469 
some of its integrity and the load remains at 1.3 kN due to the existence of the SGP layer. The 470 
structure fails at the displacement of 5.1 mm after the SGP layer fractured.  471 
 472 
5-2 Distributed loading 473 
In this section, the effect of type of loading is investigated on the fracture sequence of the 474 
laminated glass. In contrast to the previous section, for which the load is applied by a steel ring, 475 
in these tests the load is applied using a rubber cylinder attached to a flat compression platen. 476 
The rubber cylinder (silicon rubber with a Shore Hardness A of 60 from Polymax®) had an 477 
original diameter of 14 mm and a length of 28 mm. The supporting ring is the same as used in 478 
the previous section. A schematic of the set-up is shown in Figure 2b.  479 
The results are plotted in Figure 12. Similar to the previous section, the effects of polymer 480 
interlayer thickness (Cases 1-2), polymer type (Cases 5 and 6), glass type (Case 4) and multi-481 
layering the interlayer (Case 7) are investigated by comparing their performance against the 482 
reference case (Case 3). The force displacement curves are different from that of Figure 11 as 483 
deformation of the rubber cylinder accounts for a significant portion of the cross head 484 
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displacement. For Cases 1-3, the fracture is initiated from the bottom glass plate at a strain 485 
level of approximately 0.8% (Figures 12b) followed by fracture in the top glass plate. Small 486 
differences in the slope of the different configurations in Figure 12a are believed to be the result 487 
of small variations in the lengths of the rubber cylinders used. In Figure 13a, the central major 488 
strain is plotted against the central back deflection, measured using DIC, for Cases 1-3. Since 489 
the deformation of the rubber cylinder is excluded from the response, the major strain shows a 490 
linear relationship with displacement. 491 
The effect of glass type is investigated in Figures 12c and d by comparing Cases 3 and 4. For 492 
Case 4, despite changing the loading type, the fracture still occurs in the top glass plate, i.e. the 493 
thermally strengthened glass plate. This causes a reduction in the peak load (10 kN for Case 4 494 
in comparison with 14.5 kN for Case 3). The bottom glass plate fractures nearly at the same 495 
cross head displacement as the bottom glass plate of Case 3. The effect of polymer interlayer 496 
type is investigated in Figures 12e and f. Similar to Figure 11, the stiffness and the peak load 497 
are both significantly higher for Case 5. For all three types of polymer interlayers, the fracture 498 
initiates from the bottom glass plate. The central major strain is plotted against the central back 499 
deflection in Figure 13b. The response of the laminated glass with a multilayer polymer 500 
interlayer (i.e. TPU/SGP/TPU; Case 7) is compared against Case 3 (only TPU polymer 501 
interlayer) and Case 5 (only SGP polymer interlayer) in Figures 12g and h. Similar to the results 502 
that observed under concentrated loading, the response of Case 7 is very similar to that of Case 503 
3. 504 
 505 
5-3- Discussion  506 
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The polymer interlayer type and thickness, glass type as well as type of loading have a 507 
significant effect on the fracture sequence of laminated glass windows. This can be especially 508 
be important when safety of the laminated glass structure is critical. The external work needed 509 
to fracture the glass plates, i.e. the area under the load displacement curve (Figure 11), of 510 
different configurations is compared in Figure 14a for concentrated loading. The total external 511 
work is divided into the energy required to fracture the top and bottom glass plates. There is a 512 
significant difference in terms of the failure energy, i.e. the external work needed to cause 513 
failure of both glass plates, between Case 3 (i.e. the thickest polymer interlayer) compared to 514 
Cases 1 and 2. This is a consequence of the change in the fracture location from the bottom 515 
glass plate in Cases 1 and 2 to the top glass plate in Case 3. Similar values of the failure energy 516 
can be found for Cases 4 and 6, for which the fracture is also initiated in the top glass plate. 517 
For Case 5, the fracture starts in the bottom glass plate and despite having the higher stiffness 518 
and peak load, the failure energy is lower compared to Cases 3, 4 and 6. For Case 7 (a multi-519 
layer polymer interlayer), the stiffness is low (similar to Case 3) and the fracture initiates from 520 
the bottom glass plate (similar to Case 5). Both of these cause the failure energy to be lower 521 
than for both Cases 3 and 5. 522 
For distributed loading, the cross head displacement cannot be used to calculate the failure 523 
energy as a considerable portion of the external work is consumed in deformation of the rubber 524 
cylinder. Instead, for distributed loading, the central back deflection, measured by DIC, is used. 525 
The downside of this approach is that the energy can only be calculated up to the point of 526 
fracture in the bottom glass plate. Apart from Case 4, the fracture initiates in the bottom glass 527 
plate for all cases. However, as can be inferred from Figure 12, the amount of extra work 528 
needed to cause failure in the top plate is relatively small (less than 10%) compared to the total 529 
work. The results are shown in Figure 14b. For distributed loading, Case 5 requires the highest 530 
amount of energy to fracture. The change in the fracture sequence for distributed loading causes 531 
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the influence of polymer interlayer thickness on the failure energy to become less pronounced, 532 
apparent when comparing Cases 1-3. The failure energy is still highest for the laminate with 533 
the thickest polymer interlayer (Case 3).   534 
 535 
6- Low velocity soft impact response 536 
To assess the effect of loading rate on the sequence of fracture and failure energy, low velocity 537 
impact tests were conducted on laminated glass plates listed in Table 1. Only distributed 538 
loading is considered here.  539 
 540 
6-1 Experimental  541 
Low velocity impact tests were conducted using a drop tower facility. Velocities ranging from 542 
0.5 to 3.5 ms-1 were achieved by dropping a mass of 16.9 kg from heights (h) between 0.1 to 543 
0.55 m. To generate soft impact, a silicon rubber cylinder with the length of approximately 28 544 
mm was employed, the same rubber as used for quasi-static testing in Section 5-1. The rubber 545 
cylinder was attached to a flat steel connector with the diameter of 40 mm. The larger diameter 546 
of the steel connector is to provide support, while the deformable cylinder expands laterally. A 547 
piezoelectric sensor (PCB model 224C) was screwed to the other end of the steel connecter and 548 
was used to measure the impact load. The schematic of drop tower facility is shown in Figure 549 
15a.  550 
Since the load cell is located between the dropping mass and the steel connector (Figure 15a), 551 
the force measured by the load cell is not necessary the same as the force imposed by 552 
deformation of the target. A spring-mass model of the system is shown in Figure 16a, where 553 
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m1 and m2 are mass of the dropping object and the steel connector respectively. Symbols k1 and 554 
k2 represent the stiffness of the load cell and rubber cylinder respectively. The stiffness of the 555 
load cell (PCB model 224C), k1, has a typical value of 1.05 × 10
9 N m-1 (PCB Group, 2016) 556 
and is significantly greater than k2 (i.e. 𝑘1 ≫⁡𝑘2). Equilibrium for m1 (Figure 16b) requires: 557 
𝑃(𝑡) = ⁡−𝑚1?̈?1⁡, (6) 
where ?̈?1⁡ is the acceleration of the mass m1. P (t) is the force measured by the piezoelectric 558 
load cell and is equal to:  559 
𝑃(𝑡) = 𝑘1(𝑥1 − 𝑥2). (7) 
Equilibrium for m2 (Figure 16c) requires:  560 
𝑃(𝑡) = ⁡𝑘2(𝑥2 − 𝑥3) + 𝑚2?̈?2⁡. (8) 
where ?̈?2⁡is the acceleration of the mass m2. At point A (Figure 16d): 561 
𝐹(𝑡) = 𝑘2(𝑥2 − 𝑥3) (9) 
where F(t) is the force imposed by deformation of the target. Combining Equations 8 and 9, 562 
and normalising the two sides of equation by F(t), the correction factor C can be calculated by: 563 
𝐶 =
𝐹(𝑡)
𝑃(𝑡)
= 1 −
𝑚2?̈?2
𝑃(𝑡)
 
(10) 
If P(t) is replaced by Equation 6: 564 
𝐶 = 1 +
𝑚2?̈?2
𝑚1?̈?1
⁡. 
(11) 
In a situation, where k1 has a large value, ?̈?1 ⁡≅ ?̈?2 and as a result, the correction factor C is 565 
reduced to 1+m2 /m1. For the masses used in this study, m1 = 16.5 and m2 =0.4 kg, this correction 566 
factor is 1.024. As the value is small, F(t) = P(t) will be considered throughout the paper. In 567 
appendix, the contribution of the second term in Equation 10 is evaluated by measuring ?̈?2 568 
independently using high speed photography (i.e. without the assumption of ?̈?1 ⁡≅ ?̈?2). The 569 
contribution is still found to be negligible. 570 
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To observe damage development during the impact, two high speed cameras (Phantom Miro-571 
M310) were used. As shown in Figure 15a, one of the cameras was used for monitoring the 572 
deformation and damage in the top glass plate as well as deformation of the soft cylinder. The 573 
other camera was used to observe the back side of the specimen using a flat mirror oriented 45˚ 574 
with respect to camera. The light was provided by halogen lamps from the top of the specimen. 575 
To facilitate the observation of cracks, the bottom surface of the specimen was painted with a 576 
thin white layer. An example of the image sequence captured by the two high speed cameras 577 
is shown in Figure 17. 578 
Laminated glass specimens with the size of 100×100 mm were clamped to a metallic fixture 579 
by using twelve M8 bolts. The clamping device had an opening with the size of 70×70 mm. To 580 
avoid any direct contact between the glass and metallic clamp, which can lead to stress 581 
concentrations at the edge of the clamping device and hence premature failure of the glass 582 
plate, rubber gaskets were used (Figure 15b). A metallic spacer (Figure 15b) was introduced to 583 
ensure a uniform and repeatable pressure in the clamped area. A two-element cross-stacked 584 
(0°/90°) strain gauge, FCA-5-11 from Techni Measure Ltd, was mounted on the central point 585 
of the distal (i.e. non-impacted) side of the glass plate to measure the two principal major strains 586 
during impact.  587 
 588 
6-1-1 Test methodology  589 
Multiple impact tests were conducted on the same specimen to measure the critical impact 590 
energy for each configuration. The critical impact energy is defined here as the minimum 591 
impact energy required to break the specimen (even if only one of the two glass plates breaks). 592 
The impacts were performed from the initial height (h) of 0.1 m. The height of the drop was 593 
then gradually increased with 0.05 m increments (which corresponded to 8.3 J increments in 594 
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terms of impact energy) up to the point of breakage. An example of the results can be found in 595 
Figure 18a, where a 6.0 mm thick monolithic glass plate is subjected to multiple soft impacts. 596 
The height (h) of the drop was gradually increased from 0.1 to 0.55 m where the specimen 597 
finally broke. The absence of large contact stresses allows impacting a specimen several times 598 
without affecting its critical impact energy. Through a separate experiment, it was confirmed 599 
that the failure of the specimen is not affected by the number of impacts and the specimen only 600 
fails when the impact energy reaches its critical value. The peak force, contact time and 601 
maximum strain on the distal glass plate, measured using strain gauge, are plotted against the 602 
height of the drop (h) in Figure 18b. The maximum strain and the peak force have a linear 603 
relationship with the height of the drop and consequently the impact energy. The contact time, 604 
however, is a function of the length and hardness of the rubber cylinder. A polynomial curve 605 
was fitted through the data which shows a good agreement.  606 
 607 
6-1-2 Results 608 
An example of test results is shown in Figure 19 where the response of three laminated glasses 609 
with different polymer interlayers: Case 3 (TPU), Case 5 (SGP) and Case 6 (PVB) are 610 
compared against a 6 mm thick monolithic glass plate. In Figure 19a, all the specimens are 611 
impacted from a height of 0.3 m (which results in an impact velocity of 2.4 m s-1 and impact 612 
energy of approximately 50 J). The impact energy is not sufficient to break the glass and the 613 
impactor rebounds back. The peak force, in contrast to the contact time, is influenced by the 614 
stiffness of the target and is greatest for the monolithic glass plate and Case 5.  615 
Figure 19b shows an example of force traces when the impact energy is high enough to break 616 
the specimen. For most of the laminated glass specimens both glass plates virtually break at 617 
the same time (around 10 ms). The fracture normally initiated in the distal glass plate and 618 
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caused a significant load drop. After fracture of the glass plates, the response is mainly 619 
governed by the deformation of the polymer interlayer. The photographs of the failed 620 
specimens, taken from the non-impacted side, are shown in Figure 19c. The photograph of the 621 
monolithic glass plate is not shown as the specimen broke into very small pieces. Failure is 622 
very similar for Cases 3 and 6: radial and circumferential cracks in both glass plates while the 623 
whole structure is still intact. For these cases, only the glass fragments on a small area at the 624 
centre of the plate are detached. The number of detached fragments is significantly greater for 625 
Case 5. The polymer interlayer is also ruptured and the whole plate fractured into four large 626 
pieces. 627 
The critical impact breakage energy is compared in Figure 20 for eight different configurations. 628 
The values are the average of five repeat tests while the error bars indicate the variation in each 629 
case. As discussed earlier, the critical impact breakage energy here is the minimum energy that 630 
can cause fracture in one or both of the glass plates. For most specimens, fractures normally 631 
initiated from the distal (non-impacted) glass plate. The only exception was Case 4, in which 632 
the failure occurred in the impacted glass plate (i.e. in the thermally strengthened glass plate). 633 
Similar to the quasi-static results for distributed loading in Figure 14b, changing the polymer 634 
interlayer thickness from 0.76 mm (Case 1) to 1.27 mm (Case 2) has no significant effect on 635 
the critical impact energy (Figure 20). A further increase in the polymer interlayer thickness to 636 
3.18 mm (Case 3) causes a modest increase in the critical impact energy. The polymer 637 
interlayer type has the strongest influence on the performance, and the impact breakage energy 638 
is highest, for Case 5 (i.e. the SGP interlayer). Case 6 (i.e. the PVB interlayer) shows better 639 
impact performance than Case 3 (i.e. the TPU interlayer) under low velocity impact loading. 640 
The peak force obtained under quasi-static and impact loadings are compared in Figure 21 for 641 
different laminated glass configurations (i.e. Cases 1 to 7). Since the boundary condition is 642 
different for the two cases, a direct comparison between quasi-static and impact values is not 643 
29 
 
possible. The aim here is, however, to compare the relative performance of the various cases 644 
under quasi-static and impact loading. The largest increase in the peak force is observed for the 645 
PVB interlayer. This improvement under impact loading can be attributed to the strong strain 646 
rate sensitivity of the PVB, as observed in Figure 8d and Figure 10.  647 
 648 
6-2 Numerical modelling 649 
The finite element method is used to simulate the response of the laminated glass windows 650 
subjected to low velocity soft impact. The simulations were performed using Abaqus/explicit. 651 
As a result of symmetry, only one quarter of the target was modelled (Figure 22) with a 652 
symmetry boundary condition applied along the sectioned surfaces. The boundary conditions 653 
in Figure 15b are modelled including the two rubber gaskets. The top surface of the upper and 654 
the bottom surface of the lower gaskets are constrained in the z direction, simulating the 655 
presence of the two clamps in Figure 15b. The target including glass, polymer interlayer and 656 
rubber gaskets were discretised using brick elements with eight nodes and reduced integration, 657 
C3D8R (in Abaqus notation). The glass plates were modelled as elastic materials with ρ = 2440 658 
kg m-3, E = 71.7 GPa and υ = 0.21 (Xue et al., 2013) where ρ, E and υ are the density, elastic 659 
modulus and Poisson’s ratio respectively. The rubber impactor was modelled using a 660 
hyperelastic material model (Neo-Hookean) with a strain energy density function W of:  661 
𝑊 = 𝐶1(𝐼1 − 3),  (12) 
where C1 is a material parameter and I1 is the first invariant of the right Cauchy-Green 662 
deformation tensor. For silicon rubber used here, a Shore Hardness A of 60, C1 = 0.9 MPa 663 
(Heimbs et al., 2011) was used. For the rubber gaskets, the same hyperelastic model with C1 = 664 
2 MPa for a Shore Hardness A of 80 (Heimbs et al., 2011) was used. The density of 1060 kg 665 
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m-3 was considered for both rubbers. To prevent self-buckling under compression, a slight 666 
curvature was introduced to the outer surface of the rubber cylinder, as shown in Figure 22. 667 
For the polymer interlayers, a linear viscoelastic material model (i.e. a generalised Maxwell 668 
model) was chosen as follows: 669 
𝐸(𝑡) = 𝐸∞ + ∑ 𝐸𝑖
𝑛
𝑖=1 𝑒
−(
𝑡
𝜏𝑖
)
, (13) 
where 𝐸∞ is the long-term modulus and 𝐸𝑖 is elastic modulus associated to the relaxation time 670 
𝜏𝑖. Material parameters for Equation 13 were extracted with a method similar to that adopted 671 
by Macaloney et al (2007). The viscoelastic model is fitted through the data in the frequency 672 
domain (master curves for the three polymer interlayers in Figure 8d) using: 673 
𝐸′(𝜔) = 𝐸∞ + ∑
𝜔2𝜏𝑖
2𝐸𝑖
𝜔2𝜏𝑖
2+1
𝑛
𝑖=1  . (14) 
The data were fitted using a non-linear least-squares method. It was found that twelve Maxwell 674 
elements (i.e. n = 12) were enough to accurately represent the response over the interested 675 
frequency range. The fitting parameters used for the three polymer interlayers in Abaqus are 676 
listed in Table 3. The parameters are in the form of shear modulus (𝐺𝑖), which their values are 677 
calculated based on the incompressibility assumption by Gi = Ei /3. The same approach was 678 
adopted by Hooper et al. (2012). The result of fitting for the three polymer interlayer is shown 679 
in Figure 8d. Densities of 1070, 1100 and 950 kg m-3 were used in the FE model for TPU, PVB 680 
and SGP interlayers respectively.  681 
An example of the simulation results is shown in Figure 23. Deformation of the soft rubber 682 
cylinder, as well as the maximum principal stress in the laminated glass, are shown up to the 683 
point of maximum deflection at t = 15 ms. The comparison between the numerical and 684 
experimental results is shown in Figure 24 for monolithic glass as well as the laminated glass 685 
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specimen with three different polymer interlayers. The comparison is made for the peak force 686 
and central strain at the back surface of the distal glass plate. The impact conditions were the 687 
same in all cases (i.e. a drop height of h = 0.2 m). Good agreement between the numerical and 688 
experimental results can be seen in Figure 24 for all the various specimens, especially in the 689 
loading phase.  690 
The effect of the thickness of the polymer interlayer (hp) on strain development in the glass 691 
plates are numerically investigated in Figure 25. The simulations were performed for a 692 
laminated glass with a TPU interlayer for which the hp changes from 0.76 to 5.0 mm. For hp = 693 
0.76 and 1.27 mm, the strain values at the distal glass plate (location 2 as defined in Figure 25) 694 
are twice as large as that of the impacted glass plate (Location 1). The difference in the strain 695 
values is negligible between the two polymer interlayer thicknesses. This explains why no 696 
difference was observed between the impact energy breakage of Cases 1 and 2 in Figure 20. 697 
By increasing the value of hp further, strain values at the Location 2 are decreased slightly and 698 
as a result a higher impact energy is needed to cause fracture (as observed for Case 3 in Figure 699 
20). The strain values in Location 1, however, increase by increasing hp with a rate that is 700 
significantly higher than the rate of decrease in strain value in Location 2. At hp = 5.0 mm, the 701 
maximum strain at Locations 1 and 2 becomes similar and the location of fracture initiation 702 
can switch from Location 2 to Location 1.  703 
 704 
7- Conclusions  705 
In this paper, the quasi-static bending as well as the low velocity impact performance of 706 
monolithic and laminated glass windows made of chemically strengthened glass were 707 
evaluated. A coaxial double ring experiment in combination with a 3D Digital Image 708 
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Correlation technique was employed to experimentally measure the quasi-static flexural 709 
strength of 2.2, 4.0 and 6.0 mm thick chemically strengthened glass plates, both in a monolithic 710 
form and as laminated glass structures. Through a systematic study, the effect of various design 711 
parameters including polymer interlayer thickness, glass and polymer type and multi-layering 712 
the polymer interlayer on the quasi-static bending and low velocity impact performance of 713 
laminated glass plates were studied. Both localised and distributed loadings were considered 714 
for quasi-static evaluation. The following conclusions are drawn: 715 
 Conventional test methods (BS EN1288-5 and ASTM C 1499), which are based on 716 
linear bending theory, were found to be inadequate for characterising the strength of 717 
2.2, and to some extent 4.0 mm, thick chemically strengthened glass plates. This was 718 
due to large deformation of the glass plates during bending and consequently the 719 
development of membrane stresses. 720 
 A 3D digital image correlation technique was successfully employed to measure 721 
experimentally the failure strain of the specimens, as well as monitoring the full-field 722 
displacement and strain development throughout the deformation. This optical non-723 
contact technique does not have the limitations of the conventional strain measurements 724 
(e.g. using strain gauge) and can conveniently be used when a large number of 725 
experiments are needed (e.g. for glass characterisation). 726 
 The type of loading has a significant influence on the fracture sequence in the glass 727 
plates. For distributed loading, in the absence of contact stresses and concentrated 728 
deformation, the fracture initiation location was moved to the bottom glass plate for 729 
most laminated glass configurations used in this study. 730 
 Increasing the polymer interlayer thickness in the laminated glass configurations has 731 
no significant effect on the stiffness of the structure. However, it has a notable influence 732 
on the fracture sequence and consequently the post-fracture safety of the laminated 733 
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glass structure. Increasing the polymer interlayer thickness causes a change in the 734 
fracture initiation location and an increase in the failure energy. 735 
 The polymer interlayer type has the strongest effect on the stiffness and strength of 736 
laminated glass plates. Laminates with the stiffest polymer interlayer (i.e. the SGP 737 
polymer interlayer) exhibit the highest stiffness and strength. This is because of better 738 
shear transfer between the two glass plates.  739 
 Multi-layering the interlayer e.g. sandwiching a stiff SGP between two layers of soft 740 
TPU is often used for aerospace applications and does not provide any significant 741 
structural advantages. This is due to the restriction of shear stress transferring between 742 
the glass plates by the two thin TPU layers. However, the TPU layers increases the 743 
adhesion of the interlayer to the glass plates which can minimise the number of glass 744 
fragments that detach from the interlayer.  745 
 Under soft impact loading, laminated glass with the SGP interlayer shows the highest 746 
impact breakage energy. Compared to quasi-static loading, the laminated glass with the 747 
PVB interlayer shows the highest increase in the performance under dynamic loading. 748 
This is due to the strong strain rate sensitivity of the PVB polymer interlayer stiffness 749 
at room temperature. 750 
 Finite element modelling has been employed that successfully predicts the experimental 751 
results of the laminated glass configurations with three different types of polymer 752 
interlayer under soft impact loading. 753 
 The combined experimental and numerical study of different laminate configurations 754 
has provided useful insights into the optimisation of the design of laminated glass. This 755 
design optimisation can be effectively put to good use in aircraft front-facing windows 756 
and other applications.  757 
 758 
34 
 
Acknowledgement 759 
Much appreciated is the strong support received from AVIC Beijing Institute of Aeronautical 760 
Materials (BIAM). The research was performed at the AVIC Centre for Materials 761 
Characterisation, Processing and Modelling at Imperial College London. The authors are very 762 
grateful for the thoughtful discussions with Professor John Field FRS at the Cavendish 763 
Laboratory, Dr Stephen Walley at the Cavendish Laboratory, Professor Gordon Williams FRS, 764 
Professor Peter Cawley FRS and Professor Jianguo Lin FREng of Imperial College London. 765 
  766 
35 
 
Appendix 767 
In this section, the validity of the assumption 𝐶 ≅ 1 is assessed by measuring the deceleration 768 
of the mass m2 independently using high speed photography. For this purpose, the edge of the 769 
steel connector (as shown in Figure 17) was tracked through image sequences. An example of 770 
the results is shown in Figure A-1 for a laminated glass with SGP interlayer impacted from a 771 
height of 0.5 m. Velocity of m2 is then calculated by differentiating displacement, measured 772 
using high speed photography, against time,. Similarly, the acceleration is calculated by 773 
differentiating the velocity against time. As a result of differentiation, errors in the 774 
displacement measurements are magnified. To reduce the noise, a filter was applied through 775 
the data points for velocity and acceleration (Figure A-1). In Figure A-2, the force measured 776 
by piezoelectric load cell P(t) is compared against 𝑚2?̈?2 . As can be seen, the latter has a 777 
negligible contribution and C can be considered equal to one. 778 
  779 
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Figure Captions 780 
Figure 1: Experimental test set up: (a) photograph and (b) schematic of biaxial flexural testing 781 
rig and (c arrangements used for 3D digital image correlation (DIC) measurements. 782 
Figure 2: Two types of loading used: (a) concentrated and (b) distributed.  783 
Figure 3: Comparison between strain measurements using 3D DIC and strain gauge for 2.2, 4.0 784 
and 6.0 mm chemically strengthened glass plates. The measurements were performed at the 785 
centre of the plate. 786 
Figure 4: Full-field (a) out-of-plane displacement and (b) major principal strain contours for 787 
2.2, 4.0 and 6.0 mm chemically strengthened glass plates, measured during coaxial double ring 788 
tests.  789 
Figure 5: Coaxial double ring test results for a 2.2 mm chemically strengthened glass: (a) force 790 
against cross head displacement measured using Instron, (b) out-of-plane displacement and (c) 791 
major principal strain profile measured using DIC.  792 
Figure 6: Force against cross head displacement for a (a) 2.2, (b) 4.0 and (c) 6.0 mm thick 793 
chemically strengthened glass. The experimental curves are compared with theoretical linear 794 
curves predicted by linear bending theory.  795 
Figure 7: Weibull probability plots for failure of 2.2, 4.0 and 6.0 mm thick chemically 796 
strengthened glasses under biaxial loading. 797 
Figure 8: Dynamic mechanical analysis results: (a) storage modulus (E’), (b) loss modulus 798 
(E’’), (c) tangent of the phase angle (Tan 𝛿) plotted against temperature for the thermoplastic 799 
polyurethane (TPU), polyvinyl butyral (PVB) and ionoplast SentryGlas®Plus (SGP) polymer 800 
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interlayers and (d) shows storage modulus against frequency at 25°C with results from the fitted 801 
generalised Maxwell model. 802 
Figure 9: An example of the results from a high rate tensile test for the SGP polymer interlayer 803 
at a cross head speed of 0.83 m s-1. 804 
Figure 10: Uniaxial tensile response of (a) thermoplastic polyurethane (TPU), (b) polyvinyl 805 
butyral (PVB) and (c) ionoplast SentryGlas®Plus (SGP) polymer interlayers at strain rates 806 
ranging from 2.38 × 10 -3 to 2.38 × 10 +2 s-1.  807 
Figure 11: Flexural response of laminated glass plates of various configurations using 808 
concentrated loading (coaxial double ring) investigating the effect of: (a and b) polymer 809 
interlayer thickness using 0.76, 1.27 and 3.18 mm TPU, (c and d) glass type, comparing 810 
thermally and chemically glass plates, (d and e) polymer interlayer type, using thermoplastic 811 
polyurethane (TPU), polyvinyl butyral (PVB) and ionoplast SentryGlas®Plus (SGP) and (g and 812 
h) multi-layering the interlayer, using a TPU/SGP/TPU multilayer. The central major principal 813 
strain was measured using 3D DIC from the back side of the distal glass plate (4.0 mm thick). 814 
(See Table 1 for the definition of the various Cases.) 815 
Figure 12: Flexural response of laminated glass plates of various configurations using 816 
distributed loading investigating the effect of: (a and b) polymer interlayer thickness, using 817 
0.76, 1.27 and 3.18 mm TPU, (c and d) glass type, comparing thermally and chemically glass 818 
plate, (d and e) polymer interlayer type ,using thermoplastic polyurethane (TPU), polyvinyl 819 
butyral (PVB) and ionoplast SentryGlas®Plus (SGP) and (g and h) multi-layering the interlayer, 820 
using TPU/SGP/TPU multilayer. The central major principal strain was measured using 3D 821 
DIC from the back side of distal glass plate (4.0 mm thick). 822 
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Figure 13: Comparison between flexural response of laminated glass plates with various 823 
polymer interlayer (a) thickness and (b) type using central back face deflection measured using 824 
DIC. 825 
Figure 14: Comparison between failure energy of laminated glass plates of various 826 
configurations for (a) concentrated and (b) distributed loadings. “T” and “B” represent the 827 
failure in the top and bottom glass plates respectively. 828 
Figure 15: Schematic of (a) drop tower test set up and (b) clamping arrangement for the test 829 
specimen.  830 
Figure 16: Drop tower test set up: (a) spring-mass model and (b) free body diagrams of various 831 
components.  832 
Figure 17: High speed image sequences showing the deformation of the soft impactor (top row) 833 
and damage development in the laminated glass sample (bottom row) subjected to low velocity 834 
soft impact. Time, t = 0, represents the moment of initial contact between the impactor and the 835 
target.  836 
Figure 18: Low velocity soft impact results for a 6.0 mm thick chemically strengthened glass 837 
plate. (a) shows force traces resulting from incremental increase in impact energy up to the 838 
point of fracture. (b) peak force, maximum strain, measured using a strain gauge, and contact 839 
time against the drop height (h).  840 
Figure 19: Comparison between impact force traces resulting from low velocity soft impact of 841 
laminated glass with TPU, PVB and SGP interlayers as well as a 6.0 mm monolithic glass for 842 
(a) an identical drop height of 0.3 m and (b) at the point of breakage (different drop heights). 843 
(c) shows the photograph taken from non-impacted side of the failed laminated glass specimens. 844 
Figure 20: Impact breakage energy of various configurations  845 
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Figure 21: Comparison between peak forces of various configurations obtained under quasi-846 
static and impact loadings.  847 
Figure 22: 3D finite element model of low velocity soft impact. 848 
Figure 23: Example of finite element simulations for a laminated glass with TPU interlayer 849 
(Case 3) impacted from a drop height of 0.2 m (impact velocity of 1.98 m s-1). 850 
Figure 24: Comparison between experimental and numerical results for (a) a 6.0 mm thick 851 
monolithic glass and laminated glass plates with (b) TPU (Case 3), (c) SGP (Case 5) and (d) 852 
PVB (Case 6) interlayers. The comparison is made for peak force and strain at the central 853 
location of distal glass plate for an impact from a height of 0.2 m (impact velocity of                 854 
1.98 m s-1). 855 
Figure 25: The effect of increasing polymer interlayer thickness on the strain development in 856 
the glass plates. The simulations were performed for a laminated glass with a TPU interlayer 857 
(Case 3) impacted from a drop height of 0.2 m (impact velocity of 1.98 m s-1). 858 
Figure A-1: Measurement of (a) displacement and velocity, and (b) acceleration of the steel 859 
connector (mass m2) using high speed photography. The results are for a laminated glass 860 
specimen with SGP interlayer (Case 5) impacted from a height of 0.5 m. Solid lines are smooth 861 
curves which are fitted through the data.  862 
Figure A-2: Comparison between force measured using piezoelectric load cell, P(t), and inertia 863 
force of the steel connector, 𝑚2?̈?2. 864 
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Figure A-1: 1115 
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Figure A-2: 1119 
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Table 1: 1123 
 
Configuration Glass and polymer layers 
Average 
plate 
thickness 
(mm) 
Case 1 2.2 mm CT(i) /0.76 mm TPU(ii)/4.0 mm CT 7.35 
Case 2 2.2 mm CT(i) /1.27 mm TPU(ii)/4.0 mm CT 9.23 
Case 3 2.2 mm CT(i) /1.27+1.91 mm TPU(ii)/4.0 mm CT 11.22 
Case 4 2.2 mm TT(iii)/1.27+1.91mm TPU/4.0 mm CT 9.39 
Case 5 2.2 mm CT /1.52+1.52mm SGP(iv)/4.0 mm CT 9.26 
Case 6 2.2 mm CT /1.52+1.52mm PVB (v)/4.0 mm CT 9.11 
Case 7 2.2 mm CT /0.38 mm TPU/2.28 mm SGP/ 0.38 mm TPU /4.0 mm CT 9.45 
Case 8 6.0 mm CT 6.0 
 
 1124 
(i) Chemically toughened (CT) glass plate 1125 
(ii) Themoplastic polyurethane interlayer (KRYSTALFEX®PE499) 1126 
(iii) Thermally toughened (TT) glass plate 1127 
(iv) Ionoplast interlayer (SentryGlas® Plus) 1128 
(v) Polyvinyl Butyral interlayer 1129 
 1130 
 1131 
  1132 
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Table 2: 1133 
 1134 
Glass thickness 
(mm) 
𝜀0 
(%) 
𝑚 
2.2 0.79 37.0 
4.0 0.84 45.6 
6.0 0.83 43.1 
 1135 
  1136 
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Table 3: 1137 
 1138 
i 
Gi / Go
 * 
𝜏𝑖 (s) 
TPU SGP PVB 
1 0.42077 0.07767 0.39262 10-6 
2 0.18113 0.03764 0.19225 10-5 
3 0.19280 0.05631 0.20957 10-4 
4 0.09969 0.06501 0.12621 10-3 
5 0.04750 0.07409 0.05694 10-2 
6 0.01928 0.09317 0.01536 10-1 
7 0.00903 0.11867 0.00325 100 
8 0.00414 0.20551 0.00103 10+1 
9 0.00307 0.18131 0.00077 10+2 
10 0.00230 0.05361 0.00010 10+3 
11 0.00371 0.01856 0.00029 10+4 
12 0.00004 0.01180 0.00053 10+5 
 1139 
* Go is the instantainous shear modulus and it value is equal to: 𝐺∞ +∑ 𝐺𝑖
𝑛
𝑖=1 , where 𝐺∞ is the long-1140 
term shear modulus. Go and 𝐺∞ are is 94.6 MPa and 1.56 MPa for  TPU, 274.1 MPa and 1.8 MPa for 1141 
SGP, and 213.6 MPa and 0.22 MPa for PVB respectively.  1142 
 1143 
 1144 
 1145 
 1146 
